Improved imaging procedures were developed and employed for the construction of a quantitative chromosome map based on condensation pattern. The condensation pattern is uneven condensation along a chromosomal axis resulting from differential condensation of chromatin fibers at prometaphase appearing commonly in small plant chromosomes, represented by the genus Brassica. Brassica chromosomes have distinct condensation patterns at the prometaphase stage. The procedures for quantitative mapping are divided into six parts: (i) capture of images, (ii) adjustment of light distortion, (iii) measurements of an image parameter, CP, or density profiles and length of chromosomal arms, (iv) gray value adjustments between homologous chromosomes, (v) adjustment of chromosomal lengths and obtaining the standard CP, or graygram, and (vi) thresholding graygram for a quantitative chromosome map or an idiogram. The quantitative chromosome map shows well the characteristics of the Brassica chromosomes. The series of imaging procedures enable construction of quantitative chromosome maps and can be employed for a wide range of species having various chromosome numbers. The quantitative chromosome map constructed by the improved imaging currently developed is an aid to cytogenetical and genome analysis of plant species.
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INTRODUCTION
Chromosome identification and mapping are indispensable in cytological and genome analyses. It has, however, been difficult to identify relatively small chromosomes, such as the species belonging to the genera Brassica, Oryza, Glycine, because of the smallness in the size and the similarity in their morphology at the mitotic metaphase stage. Moreover, banding methods such as Cbands or Ag-NOR bands, reveal only simple or no differential banding pattern in these species . However, an uneven condensation pattern along the chromosomes was observed especially at the mitotic prometaphase stage in these species Fukui, 1986a; Fukui and Iijima, 1991; Yanagisawa et al., 1991) . Fukui and Mukai (1988) reported that each homologous chromosome had a unique condensation pattern, which enabled complete identification of the chromosomes within a complement in Atriplex rosea. They employed imaging methods for analyses of the condensation pattern and obtained an image parameter, CP. All the rice and oilseed rape chromosomes have been identified based on their condensation pattern . Moreover, it has been shown that the CP is a representative characteristic of chromosomal morphology. For example, most of the rice chromosomes have been completely identified using only the numerical data of CP (Kamisugi et al., 1993) .
Imaging methods have been employed for plant chromosome analyses (Fukui, 1985 (Fukui, , 1986b (Fukui, , 1988 Fukui and Nakayama, 1996) . Data related to chromosomal structure have been obtained from chromosomal images captured digitally by computer-based imaging on CHIAS (Fukui and Ito, 1989; Fukui and Kakeda, 1990; Fukui and Kamisugi, 1995; Nakayama and Fukui, 1995) . Development in the computer sciences has enabled to improve imaging procedures in chromosome research and the second generation of CHromosome Image Analyzing System (CHIAS II) had been developed and employed for gene mapping on chromosomes in conjunction with (fluorescence) in situ hybridization ([F]ISH) methods (Kamisugi et al., 1994) .
In this paper, we described the improved imaging methods for quantitative chromosome mapping based on the CP on this system. As a result, a model quantitative chromosome map of Brassica nigra is developed.
MATERIALS AND METHODS
Preparation of chromosomal images. Prometaphase chromosomal images of B. nigra were used for imaging analyses. Germinated roots were fixed with a fixative (3:1 methanol, acetic acid) without pretreatment. Chromosome samples were prepared from root tips using the enzyme maceration / air-drying (EMA) method described previously (Fukui and Iijima, 1992; Fukui, 1996) and were stained with a 1% Giemsa solution.
Chromosome preparations in which all the chromosomes could clearly be identified and having clear condensation pattern were chosen and photographed (Neopan F, ISO 32, Fujifilm, Tokyo) with three different exposure conditions of normal, plus and minus two thirds of that value (Microphoto FXA, Nikon, Tokyo). The negative films were developed with a developer (Microfine, Fujifilm, Tokyo) and chromosomal images were printed on black and white printing paper (Fuji Bro WP FM3, Fujifilm, Tokyo) at normal and under exposure conditions . These printed chromosomal images were used for image analysis.
Instrumentation for image analyses. For image analysis, the second generation of the chromosomal image analyzing system, CHIAS II (Fukui and Nakayama, 1996) was used. The system is based on the imaging system, VIDAS / IBAS (version 2.5, Kontron, Germany) and has 24 × 256 kbyte image frame memories for 24 gray images with a 512 × 512 pixel matrix and 256 (8 bit) gray level steps between black (gray level 0) and white (gray level 255). For each pixel there is one bit of overlay memory. A CCD (charge-coupled device) camera (XE-77CE, Sony) was used to capture the chromosomal images. Digitalized images were stored and retrieved as two image files, a bit map image file which is compatible with the IBAS system and TIFF (tag image file format) image files compatible with a wide range of computer systems. The programs constructed with the imaging procedures (commands) are recorded as command histories. The imaging commands selected were adjusted to the most suitable conditions by setting variables and parameters for precise imaging and efficient running of imaging procedures. Measurements were made on digitalized chromosomal images using parameters previously determined as the most suitable for accurate analyses of the chromosomal characteristics (Fukui, 1986b; Fukui and Mukai, 1988; Fukui and Ito, 1989; Fukui and Kakeda, 1990; Fukui and Kamisugi, 1995; Fukui and Nakayama, 1996) .
RESULTS AND DISCUSSIONS
Identification of B. nigra chromosomes. The chromosome number of B. nigra was reported in 1922 as 2n = 16 (Karpechenko, 1922) . Metaphase ( Fig. 1A ) and prometaphase ( Fig. 1B ) chromosomes of B. nigra are shown. The homologous chromosomes at metaphase are difficult to identify because they condense evenly into rods with similar size (Fig. 1A) . The chromosomes at prometaphase, however, show a clear differential staining pattern along the chromosomal axis, or the condensation pattern makes it possible to identify all the chromosomes. Based on the condensation pattern, the eight pairs of homologous chromosomes were completely identified (Fig. 1B) .
Imaging procedures for construction of a quantitative chromosome map. An imaging procedure was constructed for quantitative chromosome mapping based on CP as an image parameter. The procedures were divided into six parts as follows. (i) Indirect image capture of photo-printed chromosomal images via the CCD camera: Small plant chromosomes are often so small that the chromosomal images directly captured through the microscope are difficult to analyze. It is, thus, necessary to enlarge chromosomal images through photographic procedures. For analysis of the condensation pattern, two photographs taken under different exposure conditions were used (Fukui and Mukai, 1988; . One is a normally exposed photograph ( Fig. 2A) and the other is an under-exposed one (Fig. 2C) of the same plate. The underexposed photograph was suitable for the measurement of the actual density distribution on the chromosomes and the normally exposed one for determination of the chromosomal regions. Normally exposed photographs were digitally captured into the image memories via a CCD camera and were subjected to shading correction using a blank image as a control (Fig. 2A) . After enhancement of the contrast by normalization, the chromo- somal regions of the normally exposed images were discriminated by setting upper and lower gray level thresholds and the background, sprinkled-salt like dust, was eliminated (Fig. 2B) . Under-exposed chromosomal images were captured using the overlay contour lines of the chromosomal regions superimposed as a guide images (Fig. 2C) . The background of the under-exposed image was masked with gray value, 0 (black) and the masked image was adjusted for the XY ratio to 1:1 by expanding the image in the Y direction (Fig. 2D). (ii) Adjustment of light distortion of the chromosomal image within a plate: The gray density distribution of the chromosomes within a plate was extended linearly and the contrast of chromosomal image was enhanced. In this procedure, the minimum and maximum gray values of the chromosomal area within a plate were measured ( Fig. 2E1, E2 ; a plate image of B. nigra, 2n = 16, was divided into two image frames, Figs. 2E1 and 2E2) and then extended linearly from gray value, 1 to gray value, 255 (Fig. 2F1, F2 ). The measured maximum and minimum gray values within each image frame were shown in the upper left corner of Fig. 2E1, E2 , F1, and F2 in purple color. The entire chromosomal area of each plate was thus corrected to the same gray value distribution, 1 to 255 and the contrast of chromosomal images was enhanced. This procedure can also be used to construct maps from plates by adjusting the gray value distribution between plates. This different gray value distribution was due to the three conditions, (a) the condition at chromosome staining between plates and slides, (b) the photographic procedures involving exposure and developments, and (c) the conditions in digital capturing of the printed chromosomal images. (iii) Acquisition of the profile data and length of each arms of chromatids: Each chromosomal area was selected interactively and background regions was masked with gray value, 0 (Fig. 2G) . The maximum and minimum gray values of each chromosome were measured for the next standardization procedure (vi) (left corner of Fig. 2G ). After zooming up, each chromosomal image was smoothed in order to improve resolution of profile. Chromosomes were pseudo-colored using a look-up table,"rainbow". The procedure dramatically enhanced the visual recognition of chromosomal constrictions, such as centromere. Overlay lines were drawn on the constrictions (Fig. 2H ). In addition, by interactive adjustment using the look-up table not only centromeres but also various constrictions were clearly visualized. The overlay lines at the constrictions drawn on chromosomal images with the gray value, 0, simultaneously cut chromosomes into short and long arms (and satellite[s] ) at the constriction(s). The other overlay lines were drawn on the mid-ribs of chromatids after adjustment of pseudocoloration. Sequential data of gray values were read digitally at each pixel of the overlay mid-rib lines (Fig. 2I) . For measuring the length of each chromosomal arm, two overlay lines in a chromosome were transferred to gray value, 255. Extra chromosomal parts of the lines were eliminated by masking the background. Each line is identified by the CHIAS II and selected interactively for length measurement (Fig. 2J) . The length of control bar was also measured and the actual lengths of the chromosomal arms was calculated. (iv) Adjustment of the gray value range of the homologous chromosomes: Gray value distribution between homologous chromosomes were adjusted. The maximum and minimum gray value of each homologous chromosomal region, measured during the selection step (left corner of Fig. 2G ) and their average values were used for this adjustment. Image procedures were made for this adjustment and divided into three parts. Firstly, two sequential gray values obtained from a chromosomal image were drawn as gray bars. That is, each data shown as a graph with the gray value and pixel (lower left of Fig. 2K ; yellow and blue lines show the profiles of each mid-rib line) was used for generation of each gray bar on the graph (top left of Fig. 2K) . Secondly, the gray bars were adjusted their gray value distributions by image procedures. The gray bars drawn (top left of Fig.  2K ) were adjusted by image procedures, gray value scaling, and new gray bars were obtained (top right of Fig. 2K) . Finally, the adjusted gray bars were read digitally and the gray value data were obtained. The gray values of the adjusted gray bars (top right of Fig. 2K ) were sequentially read from left to right and each sequential gray value data was obtained. These two sequential data were shown as a graph with gray value and pixel (lower right of Fig. 2K ; yellow and blue lines show each profile as them at lower left of Fig. 2K ). (v) Adjustment of the profile length of each chromosomal arm and satellite: The length of chromosomal arms and satellites were adjusted to the average length of the homologous chromosomes by an image procedure, affine transformation. Lengths of profiles of the same chromosome were sometimes different from each other as shown in Fig. 2K , although the CPs kept their characteristics. The same procedures as the previous procedure (iv) was applied for this length adjustment, which were, drawing a gray bar, adjustment of length by image procedure and reading gray bars digitally. Firstly, a gray bar based on each gray value data of a homologous chromosomal arm was drawn (in top left of Fig. 2L , four gray bars from two homologous chromosomes in a diploid plate were shown as an array). Secondly, the length of a gray bar was transformed to an averaged length and the transformed gray bars were arranged side by side in the other image frame (lower column of Evaluation of quantitative chromosome map. The condensation pattern of B. nigra (BB genome) were characterized by their heavy condensation compared with the CPs of other Brassica genomes, such as those of B. napus (AACC genome, data not shown). These heavily-condensed regions were observed at both proximal regions in prometaphase chromosomes. The quantitative chromosome map currently obtained by these imaging procedures represented well the characteristic condensation pattern of B. nigra. These heavy condensations at proximal regions were depicted in the quantitative chromosome maps, both of idiogram and gray-gram. The quantitative chromosome map well represented not only the lengths of chromosomal arms and satellites but also the condensation patterns of prometa-phase chromosomes.
Improved procedures from those on the first CHIAS system. The first generation of the CHIAS system was constructed based on the CP/M operating system with 8-bit microprocessor (Fukui, 1985 (Fukui, , 1986b (Fukui, , 1988 . It was hard to construct all the procedures for quantitative chromosome mapping on the first CHIAS system, because of the low system performance and applicability or interchange ability. Although the procedures for capturing images to obtain gray value profiles were carried out on the imaging system, the rest of the procedures for standardization were carried out on specially constructed program written in the BASIC programming language and spread sheet for MS-DOS on the 16-bit personal computer . Because of the definition of memory array for calculation, this program was constructed for a limited number of chromosomal plates and applicable for only 12 chromosomes, the haploid chromosome number of rice and their calculation took a long time.
The second generation of the CHIAS system has high system performance which enables all the standardization procedures to be carried out within the system. All the standardization procedures are constructed on this system. The standardized graygram are obtained from any chromosome number with in any numbers of plates, because of the image frame memories are able to be employed as the memory array. The standardization procedures with image frames of 512 × 512 pixels can process memory array shown as 262, 144 pixels at once, that is, they can process 2 profiles of one chromosome to 512 profiles of 256 homologous chromosomes without the definition of memory array. For this purpose, the image processing routine, which enables the transportation between data displayed on the image frame and numerical data, was constructed. Furthermore, various chromosomal images as FISH images can be analyzed because of the portability of the TIFF image.
Utility of a quantitative chromosome map of the genus Brassica. The quantitative chromosome map is indispensable in cytological and genome analyses. In small plant chromosomes, the image parameter CP, obtained by standardization of condensation pattern using imaging methods, has been applied for the quantitative chromosome mapping . The image parameter CP is enable to be obtained from any chromosome number with any numbers of plates by these improved imagings on CHIAS II. In Brassica chromosomes, ISH (in situ hybridization) and FISH methods have been employed for genome and cytogenetical analyses (Iwabuchi et al., 1991; Maluszynska and Heslop-Harrison, 1993; Harrison and Heslop-Harrison, 1995) . The quantitative chromosome map, based on the image parameter CP, can be used in conjunction with ISH or FISH methodologies both as aids to genome analysis and to direct localization of nucleotide sequences on it (Kamisugi et al., 1994) .
